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bstract

This study describes the remediation of hexachlorobenzene (HCB) contaminated soils by microwave (MW) radiation in a sealed vial. When
owdered MnO2 was used as MW absorber, a complete removal of HCB was obtained with 10 min MW by the addition of H2SO4 (50%). But
o significant decomposition was observed by the addition of NaOH (10 mol/L) or H2O in the same conditions. In contrast, when powdered Fe
as used instead of MnO2, the difference of HCB removals between H2SO4 and NaOH were not obvious. It is noteworthy that more than 95%

emoval was achieved in any case when the sole aqueous solution of H2SO4, NaOH, H2O or Na2SO4 was added without MnO2 or Fe. As a result,
t is possible that water itself contained in the damp soil may act as MW absorber and remediate the contaminated soil without addition of any
ther MW absorbers. Gas chromatograph/mass spectrum (GC/MS) analysis detected no intermediates in all the processes. The decomposition

echanism of HCB by MW radiation was suggested as the binding of HCB and soil. Whatever fragments formed from HCB by heat were tightly

ound to the soil, making it impossible to extract them out. In the end, treatment of practical HCB contaminated soil by MW reduced HCB from
5.8 mg/kg to 0.91 mg/kg.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hexachlorobenzene (HCB) is a typical persistent organic
ollutant. It is semi-volatile, mobile in the environment and
ioaccumulation [1]. Despite the ban and restriction on the usage
n developed countries during the 1970s and 1980s, some devel-
ping countries are still using HCB for agricultural and public
urposes because of the low cost and versatility in controlling
arious insects [2]. HCB has been widely used as a fungicidal
ressing of seed grains and is a waste byproduct in many indus-
rial processes [3]. High concentration of HCB contaminated soil
as been found by our group in the vicinity of Wuhan in cen-
ral China [4]. Presently, the contamination of soil and sediment
y HCB is still a very serious hazardous problem. Therefore,
t is emergent to develop effective processes to remediate the
ontaminated site.
Microwaves (MW) are a separate band of electromagnetic
adiation with frequencies in the range of 300 MHz to 300 GHz.
ccording to their response in MW field, materials are classi-

∗ Corresponding author. Tel.: +86 27 87792159; fax: +86 27 87792159.
E-mail address: lxh@hust-esri.com (X. Lu).
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ed into three groups, conductor, insulators and absorbers [5].
aterials that absorb MW radiation are called dielectrics. The

nteraction between dielectrics and microwave results in energy
bsorption. Generally, the dielectric properties of a material are
elated to temperature, moisture content, density and material
eometry [5]. MW energy induces molecular motion by rotation
f dipoles and migration of ions. The major advantages of MW
eating are rapid, uniform and selective [6,7]. Apart from the
pplication in organic synthesis [8], polymerization and dehy-
ration processes [9,10], inorganic synthesis [11], safety and
iological aspects [12], analyses and extraction [13] and food
terilization [14], MW technique has found its place in environ-
ental engineering. A comprehensive review of MW in the field

f environment was reported by Jones et al. [5]. In the remedi-
tion of contaminated soils, compared with other technologies
uch as vapor extraction, surfactants or solvent flushing, chem-
cal oxidation, biological treatment and so on, MW can achieve
faster removal of pollutants whether the soils are permeable or
ot. Studies have been reported using MW radiation to remediate

rganic and heavy metal contaminated soils [15–22].

Abramovitch et al. [15] investigated the decomposition of
CB, pentachlorophenol (PCP), 2,2′,5,5′-tetrachlorobiphenyl

nd 2,2′,4,4′,5,5′-hexachlorobiphenyl in soil using microwave

mailto:lxh@hust-esri.com
dx.doi.org/10.1016/j.jhazmat.2006.03.005
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nergy in a modified ceramic alumina bomb. The most efficient
ecomposition was achieved by the addition of powdered Cu2O
r Al and 10 mol/L NaOH. Minute amounts of decomposition
roducts could be extractable from the soil after MW remedia-
ion. Vast majority of the decomposition products were supposed
o be either mineralized or tightly bound to the soil. The authors
urther studied MW remediation of polluted soils in situ in an
pen vessel [16–18]. Graphite and metal rod were used instead
f Cu2O and Al powder because they can be pressed down to a
reset depth to focus and transport MW energy [16].

MnO2 is one of the strongest MW absorbers. It can be
btained easily and is environmentally friendly. MnO2 has been
sed to shorten the organic synthetic time with MW [23], but
here is no report using it as MW absorber to remediate contami-
ated soils. In addition, the water contained in damp soils is also
good MW absorber. It can absorb microwave energy and heat

oils to high temperature. Due to the saving of the adding and
ixing of MW absorbers, it is meaningful if the water contained

n the damp soil can work well. Moreover, it is noteworthy that
ractical contaminated soils have never been treated with MW
adiation.

In the present study, both simulated and practical HCB con-
aminated soils were treated with MW radiation. The objectives
re: (1) to evaluate the viability of MW remediation of HCB con-
aminated soil using MnO2 as MW absorber, (2) to investigate
he effect of MW remediation using the water itself contained
n the damp soil as MW absorber, (3) to provide further infor-
ation about the MW remediation of organic polluted soils and

4) to treat practical HCB contaminated soil.

. Materials and methods

.1. Chemicals and materials

HCB (99.9%) was obtained from Shanghai General Factory
f Reagent, Shanghai, China, and PCP (98.5%) from Qingpu
ynthetical Reagent Factory, Shanghai, China. MnO2 powder
analytical grade) was purchased from Tianjin Kermel Chemi-
al Reagent Development Center, China, and Fe powder (ana-
ytical grade) was from Xiangzhong Geological Experimental
esearch Institute, China. Acetone (analytical grade) was used

or the dissolution of HCB and hexane (analytical grade) for
he extraction of HCB. Deionized water (18.2 m� cm) obtained
rom a Millipore Milli-Q system was used for the preparation of
olutions. All the other reagents were above analytical grade.

Diatomite (chemical purity, Tianjin Kermel Chemical
eagent Development Center, China) was used as simulated soil.
wo hundred grams dry diatomite was spiked with 10 mL HCB
cetone solution (1000 mg/L) and 20 mL pure acetone. The sim-
lated HCB contaminated soil was then dried in air for 24 h to
vaporate acetone and stored in dark bottle for usage. The HCB
oncentration was determined as 52 mg/kg, which represents the

ypical concentration found in the vicinity of Wuhan city. The
ame process was used to prepare HCB contaminated kaolin
chemical purity, Guoyao Group Chemical Reagent Co., Ltd.,
hina), which is a typical clayed soil.

i
t
fi
s

aterials B137 (2006) 878–885 879

Practical soil was sampled close to a chemical plant, which
tilizes HCB and NaHS to produce C6Cl5SH. The soil sam-
le was first dried at 105 ◦C for 5 h, then ground and sieved
y 200 mesh screen. The sample was stored in dark bottle in
efrigerator (4 ◦C) for treatment. The HCB concentration was
etermined as 55 mg/kg.

.2. Procedures and equipment

0.5000 g HCB contaminated diatomite was placed in a 10 mL
ial, then 0.0500 g MnO2 or Fe powder was added and mixed
horoughly. In the end, 0.15 mL aqueous solution of H2SO4,
aOH, H2O or NaSO4 was introduced and mixed. The vial was

ealed with PTFE lid and radiated in a domestic microwave
ven (750 W, 2.45 GHz) for a preset time. For the treatment
f practical HCB contaminated soil, 5.000 g sample was used
nstead and the other procedures were the same. At least triplicate
uns were repeated for all the cases.

.3. Analysis of the samples

.3.1. Sample pretreatment prior to analysis

.3.1.1. Simulated soil sample. When the vial was cooled to
oom temperature, it was uncovered and 5.00 mL hexane was
dded. Then the vial was sealed immediately and mixed thor-
ughly. The extraction process was assisted by 30 min ultrason-
cation (20 kHz). After the sample was centrifuged for 3 min at
000 rpm, the supernatant was poured out to another vial for gas
hromatography (GC) and gas chromatography/mass spectrum
GC/MS) analysis.

.3.1.2. Practical soil sample. When the vial was cooled to
oom temperature, the soil was poured out and dried in air for
4 h, ground and sieved by 200 mesh screen. 0.5000 g dried soil
as taken and 5 mL hexane was added. The subsequent proce-
ures were the same as those for simulated soil. Such a different
retreatment process was employed because the practical soil is
layed and the extraction in wet is not quantitative.

.3.2. HCB analysis
An HP 6890 GC equipped with an electron capture detector

ECD) and an HP-1 column (30 m length, 0.32 mm i.d., 0.25 �m
lm thickness) was used to analyze HCB in the extract. The

emperature program of the GC started at 150 ◦C and was held
or 1 min. Then the column was sequentially heated at a rate of
0 ◦C/min to 200 ◦C, held for 10 min. The flow rate of carrier gas
nitrogen 99.999%) was 1.5 mL/min. The inlet and detector tem-
eratures were 250 ◦C and 300 ◦C, respectively. One microlitre
xtract was injected with a split ratio of 10.

.3.3. Intermediates identification
A Varian Saturn 2100T GC/MS was used to identify the inter-

ediates produced in the processes and the materials contained

n the practical soil. A Varian 3900 GC equipped with a Fac-
orFour capillary column (30 m length, 0.25 mm i.d., 0.25 �m
lm thickness) was used. The temperature program of the GC
tarted at 100 ◦C and was held for 2 min. Then the column was
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Table 1
HCB recovery for different composition

Composition HCB (mg/kg) Recovery (%)

Diatomite (0.5000 g) 52.0 –
Diatomite (0.5000 g) + 0.15 mL NaOH (10N) 52.7 101
Diatomite (0.5000 g) + 0.0500 g MnO2 49.7 95.6
Diatomite (0.5000 g) + 0.15 mL H2SO4 (50%) + 0.0500 g MnO2 38.8 74.6
Diatomite (0.5000 g) + 0.15 mL NaOH (10N) + 0.0500 g MnO2 51.0 98.1
Diatomite (0.5000 g) + 0.15 mL H2O + 0.0500 g MnO2 37.7 72.5
Diatomite (0.5000 g) + 0.15 mL H2SO4 (50%) + 0.0500 g Fe 46.3 89.0
Diatomite (0.5000 g) + 0.15 mL NaOH (10N) + 0.0500 g Fe 33.3 64.0
Practical soil (0.5000 g) 55.8 –
Practical soil (0.5000 g) + 0.15 mL H2O 8.33 14.9
Kaolin (0.5000 g) 45.5 –
K
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quantitatively. The removals of HCB by the addition of MnO2
and different aqueous solutions are plotted in Fig. 1.

In Fig. 1, the removals at 0 min were resulted from the recov-
ery of HCB in the pretreatment process, as discussed in Section
aolin (0.5000 g) + 0.15 mL H2O
aolin (5.0000 g) + 1.5 mL H2Oa

a The sample was dried by airing for 24 h. Then it was ground and sieved thro

equentially heated at a rate of 15 ◦C/min to 170 ◦C, held for
min, a rate of 5 ◦C/min to 200 ◦C, held for 5 min and a rate of
5 ◦C/min to 235 ◦C, held for 10 min. The flow rate of carrier gas
Helium, 99.995%) was 1.0 mL/min. The inlet temperature was
50 ◦C and the split ratio was 15. A Varian CP-8410 AutoInjec-
or was equipped and the injection volume was 1 �L. The MS
as equipped with an electron ionization (EI) source with a scan

ange from m/z 40 to m/z 400. The solvent delay was 3 min.

.4. Quality control

All the glassware such as vials and bottles were first cleaned
n an ultrasonic cleaner (20 KHz) assisted by liquor for 30 min.
hen they were further washed by tap water and deionized
ater for three times, respectively. Organic solvents were newly
urchased from manufacturers and are above analytical grade
urity. Deionized water was obtained from a Millipore Milli-Q
ystem (18.2 m� cm).

The uniform distribution of HCB in the simulated HCB con-
aminated diatomite, kaolin and practical HCB contaminated
oil was verified by the consistency of GC analysis of three
andom samples. MW radiation was performed in triplicate to
inimize the errors due to the uneven distribution of MW field.
ll the other experiments including recovery test and shaking

able were repeated at least three times. In the GC analysis, a
alibration curve (R2 > 0.996) included more than four points
as made to measure the HCB concentration. Each sample was

njected twice to ensure a good reproducibility. Sample blanks
ere regularly injected to ensure that the system was not con-

aminated. The syringe was rinsed with solvent several times
etween sample injections to avoid cross-contamination.

. Results and discussion

.1. Recovery test
It is difficult to achieve a good recovery of HCB in soils,
articularly in clayed soils. So a series of primary tests were
arried out to examine the recovery in different soil samples.
he results are listed in Table 1.

F
s

18.6 40.9
36.5 80.2

00 mesh screen. 0.5000 g kaolin was taken for pretreatment and analysis.

Table 1 shows that the recovery of HCB in diatomite was
ostly over 70% with the adding of aqueous solution and MnO2

or Fe). Diatomite is permeable and easy to be dispersed, so
CB can be quantitatively extracted. While in the practical soil

nd kaolin, the recoveries were 14.9% and 40.9%, respectively.
he practical soil and kaolin are clayed and will agglomerate in

he presence of aqueous solution. It was found that both soils
ould not be dispersed in the extraction process even assisted
y ultrasonication. After the evaporation of water in air, a good
ispersion was observed. The recovery of HCB in kaolin could
chieve 80.2%. So, the pretreatment process of airing is viable
or the quantitative analysis of clayed soil.

.2. Decomposition of HCB in the presence of MnO2

As a strong oxidant and MW absorber, MnO2 has been used
o shorten the reaction period of organic synthesis with MW
23]. However, MnO2 has never been used for the remediation
f polluted soil under MW radiation. In order to simulate mois-
ure, aqueous solutions of H2SO4, NaOH or H2O were added
ig. 1. Removal of HCB in MW by the addition of MnO2 and different aqueous
olutions. [H2SO4] = 50%, [NaOH] = 10 mol/L.
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Table 2
Comparative results

Processes Removal (%)

Diatomite + MW 10 min 6.2
Diatomite + 0.0500 g MnO2 + MW 10 min 40.4
Diatomite + 0.15 mL H2SO4 (50%) + MW 10 min 95.6
Diatomite + 0.15 mL H2O + MW 10 min 93.3
Diatomite + 0.15 mL NaOH (10N) + MW 10 min 92.5
Diatomite + 0.0500 g MnO2

a 7.5
Diatomite + 0.0500 g MnO2 + 0.15 mL H2SO4 (50%)a 35.0
Diatomite + 0.0500 g MnO2 + 0.15 mL H2Oa 32.7
D
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Table 3
Effect of acidity on the decomposition of HCB

Processes Removal (%)

Diatomite + MnO2 + aqueous (50% H2SO4) + MW 10 min 100
Diatomite + MnO2 + aqueous (40% H2SO4) + MW 10 min 95.8
Diatomite + MnO2 + aqueous (30% H2SO4) + MW 10 min 84.2
Diatomite + MnO2 + aqueous (20% H2SO4) + MW 10 min 79.5
Diatomite + MnO2 + aqueous (10% H2SO4) + MW 10 min 68.9
Diatomite + MnO2 + aqueous (5% H2SO4) + MW 10 min 22.8
Diatomite + MnO2 + aqueous (pH 1) + MW 10 min No removal
Diatomite + MnO2 + aqueous (pH 7) + MW 10 min No removal
Diatomite + MnO2 + aqueous (pH 11) + MW 10 min No removal
Diatomite + MnO2 + aqueous (10N NaOH) + MW 10 min No removal
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iatomite + 0.0500 g MnO2 + 0.15 mL NaOH (10N)a 22.3

a The samples were shaken in a shaker at 25 ◦C for 24 h.

.1. It can be seen that the decomposition of HCB was fast
nd no residue was detected with 10 min MW in H2SO4 media.

hen NaOH or H2O was used, no significant removal was
bserved. In order to explore the effect of MnO2 on the removal
f HCB, the comparative experiments were conducted and the
esults are given in Table 2. Both HCB and SiO2 contained
n the dry diatomite cannot absorb MW energy, so negligible
emoval was observed when the soil was radiated with MW
lone. With the addition of MnO2, the removal of 40.4% was
chieved with 10 min MW. It can be inferred that MnO2 can
ecompose HCB singly. Theoretically, if the chemical struc-
ure of MnO2 does not change, the temperature will increase
harply to above 1000 ◦C. Such a high temperature will lead
o the vitrification of soils and an almost complete removal of
CB [15,24]. Here only 40.4% removal suggests the change
f the chemical structure of MnO2. It was reported that MnO2
ould be transformed to Mn3O4 by thermal decomposition at
igh temperature in the range of 1000–1100 ◦C [24]. Seven min-
tes are enough to heat MnO2 to above 1000 ◦C in microwave
ven (650 W, 2.45 GHz) [24]. Because Mn3O4 is transparent
o MW and the transformation of Mn3O4 from MnO2 absorbs
reat heat (�H◦

298 = +174.3 kJ/mol) [24], the temperature will
ecrease after 7 min. As a result, the formation of Mn3O4 may
e accounted for the low removal of HCB.

However, it is surprising that more than 92% removal of HCB
as achieved by the addition of aqueous solutions of H2SO4,
aOH or H2O alone with 10 min MW. H2O is also a typical polar

ubstance that can greatly absorb MW energy [25]. Therefore,
t can be inferred that high temperature and pressure appear in
he vial. These conditions may lead to many complex reactions.
ne possible reaction is the thermal decomposition of HCB,
hich produces small molecule fragments. The fragments are
ossibly bound to soils tightly, or form unimolecular layers and
etain indefinitely [16]. As the temperature increases, some of
he substances are entrapped in the interlamellar regions of the
lay before desorption [16]. It is also possible that some chem-
cal binding occurred between the oxygenated and chlorinated

olecules and Al3+ octahedral at the clay edges [26]. All the
ossibilities contribute to the high removals of HCB in the pres-

nce of aqueous solution.

It can be concluded that MnO2 only contributes to HCB
ecomposition in strong acidic media and restricts the decom-
osition in basic and neutral media. This result has never been

w
t
r
i

he dosage of diatomite, MnO2 and aqueous solutions were 0.5000 g, 0.0500 g
nd 0.15 mL, respectively.

eported. The shaking table experiments in normal conditions
how that the decomposition of HCB at 25 ◦C was minimal by
he addition of any of the three aqueous solutions. It can be
oncluded that the decomposition of HCB by MnO2 at normal
emperature is very difficult whether in acidic, neutral or basic
ondition.

It has been found that MnO2 restricted the decomposition of
CB in basic and neutral media, so the effect of acidity was

nvestigated. Table 3 shows that stronger acidity led to larger
ecomposition. Manganese has valency such as +2, +3, +4, +6
nd +7. Manganese with different valency can be transformed in
pecific conditions. With MW radiation, both aqueous solution
nd MnO2 absorb MW energy, but MnO2 predominates. There-
ore, MW energy is focused on MnO2 regardless of the existence
f aqueous solution. Three possible processes happen for MnO2
n acidic condition with MW radiation. One is the absorption of

W energy by MnO2 and the subsequent energy transportation
o surroundings and reactions (reactions (1) and (2); termed P1),
ne is the formation of MnSO4 in strong acidic condition (reac-
ion (1); termed P2) and the other is the transformation of MnO2
o Mn3O4 (reaction (2); termed P3). P1 may happen in any con-
itions. The energy transported to the surroundings contributes
o the decomposition of HCB, while the energy transported to
he reactions such as reaction (2) restricts the decomposition
ue to the waste of energy. The effect with 50% H2SO4 can
e explained as the strong absorption of MW energy and its
uick transportation to the surroundings. This will result in high
emperature and pressure in the vial. P2 needs concentrated
cid (H2SO4) [27]. When the electrolyte of MnSO4 is pro-
uced from MnO2, the absorption of MW energy by the mixture
rops remarkably. P3 requires high temperature (1000–1100 ◦C)
24]. Mn3O4 is transparent to MW radiation. The energy for P3
s solely obtained from P1. Due to the great waste of energy
�H◦

298 = +174.3 kJ/mol), P3 restricts the decomposition of
CB.
It was observed that PTFE lid melt occasionally only when

he acidity was more than 50%. The result suggests that H2SO4
ith concentration larger than 50% leads to higher temperature
han that with low concentration. Moreover, the light pink mate-
ials only appeared with the acidity more than 30%. It can be
nferred that reaction (1) happens because most of the hydrates
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Fe + H2SO4 = FeSO4 + H2 (5)

3Fe + 2O2 = Fe3O4 (6)

Table 4
Comparative results in the presence of Fe

Processes HCB (mg/kg) Removal (%)

Diatomite 52.0 0
Diatomite + 0.0500 g Fe + MW 10 min 46.3 11.0
82 S. Yuan et al. / Journal of Hazard

f manganese sulfate are pink [27]. With the decrease of acidity,
eaction (1) was increasingly restricted. MnO2 predominately
bsorbed MW energy and heated itself to high temperature,
eading to the formation of Mn3O4. Thus the decomposition of
CB reduced correspondingly. On the other hand, reaction (3) is
ossible in basic condition (10N NaOH). Mole of MnO2 was cal-
ulated as 50/97 = 0.52 mmol, O2 as 10 × 0.21/22.4 = 0.09 mmol
nd NaOH as 0.15 × 10 = 1.5 mmol (10 is the volume of the vial,
.21 is the content of O2 in air, 22.4 is the mole volume of gas
t standard condition and 0.15 is the volume of NaOH solu-
ion). Reaction (3) happened slightly because of the shortage
f O2. However, reaction (2) generates O2 through the thermal
ecomposition of MnO2. Reaction (4) was obtained by combin-
ng reactions (2) and (3). Mn3O4 and Na2MnO4 were the final
roducts in strong basic condition by MW radiation. Mn3O4
nd Na2MnO4 are almost transparent to MW, furthermore, they
mpede the transportation of energy from the MW absorbers to
he surroundings. Consequently, the restriction in neutral and
asic conditions was observed. The results are different from
he literatures using Cu2O, Al, Zn and so on [15,16].

MnO2 + 2H2SO4 = 2MnSO4 + O2 + 2H2O (1)

2MnO2 = 4Mn3O4 + 4O2 (2)

MnO2 + 4NaOH + O2 = 2Na2MnO4 + 2H2O (3)

0MnO2 + 16NaOH = 4Mn3O4 + 8Na2MnO4 + 8H2O (4)

In order to explore the fate of HCB with MW radiation,
C/MS analysis was performed. However, no new materials
ere detected. Negligible quantity of intermediates were likely
roduced, however, they were not detected owing to the sensi-
ivity of GC/MS. This is in good agreement with Abramovitch’s
tudy [15], where powdered Al or Cu2O and 10N NaOH were
sed to decompose HCB with MW radiation. The author further
sed 14C-labelled PCB as target [16], but less than 2.5% miner-
lization was measured when 78% decomposition was achieved.
he mechanism of HCB decomposition in this study is similar

o that suggested by Abramovitch et al. [15]. HCB was prob-
bly thermally decomposed to fragments, which were further
ightly bound to the soil or form unimolecular layers and retained
ndefinitely [16]. It was also possible that some chemical bind-
ng occurred between the oxygenated and chlorinated molecules
nd Al3+ octahedral at the clay edges [26].

In summary, the mechanism of the decomposition of HCB
sing MnO2 as MW absorber is very complex because the many
hemical reactions happen in MW radiation. The viability is pri-
arily denied by the harsh conditions required (>50% H2SO4).
ill now, the value of this section can be considered to provide

nsight information on the behavior of MnO2 in MW radiation
nd to afford guidance for the selection of MW absorbers.

.3. Decomposition of HCB in the presence of Fe
In order to get comparative results to MnO2, powdered Fe,
strong reductant and microwave conductor, was used in the

ecomposition of HCB with MW. The results are shown in Fig. 2.

D

D

ig. 2. Removal of HCB in MW by the addition of Fe and different aqueous
olutions. [H2SO4] = 50%, [NaOH] = 10 mol/L.

Fig. 2 shows that the removal of HCB achieved 89.2% in 50%
2SO4 media with 4 min MW and attained 95.7% with 15 min
W by the addition of Fe, while 81.9% removal was achieved

n 10N NaOH media when the radiation time reached 10 min.
t was obvious that the decomposition of HCB was much faster
n acidic media than in basic media. Similarly, the comparative
xperiments were performed to investigate the reaction mecha-
ism. The results are displayed in Table 4. It can be seen that
e alone had little effect on the decomposition of HCB with
0 min MW. However, the removals of 92.3% and 93.9% were
btained in H2O and Na2SO4 media, respectively. Compared
ith the decomposition of HCB under MW radiation with differ-

nt aqueous solutions (Table 2), it can be inferred that Fe restricts
he decomposition of HCB in the first stage in basic media and
as negligible enhancement in acidic and neutral media, whether
2SO4, H2O or Na2SO4 (Table 4).
In 50% H2SO4 (0.15 × 9.2 = 1.38 mmol), Fe (50/56 =

.89 mmol) was dissolved to FeSO4 (reaction (5)), which shows
imilar MW response to MnSO4. Meanwhile, powdered Fe
bsorbed MW energy and transported the energy to the sur-
oundings to decompose HCB. Therefore, the decomposition of
CB in acidic media was similar to that in aqueous solution.
hen 10N NaOH was used, the possible reaction was the com-

ustion of Fe in MW radiation (reaction (6)). Fe3O4 absorbs MW
nergy more greatly than Fe. As a result, the decomposition of
CB increased greatly in the later stage.
iatomite + 0.0500 g Fe + 0.15 mL
H2O + MW 10 min

4.03 92.3

iatomite + 0.0500 g Fe + 0.15 mL Na2SO4

(5.0 M) + MW 10 min
3.19 93.9
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ig. 3. Effect of aqueous solutions alone on the decomposition of
CB with 10 min microwave radiation. [H2SO4] = 50%, [NaOH] = 10 mol/L,
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Similarly, no new intermediates were detected by GC/MS
nalysis in all the processes with powdered Fe. The result was
imilar to the literature [17], in which iron wire was used as

W conductor to decompose PAHs. A similar mechanism to
hat with MnO2 was proposed for the decomposition of HCB
ith Fe.

.4. Decomposition of HCB with aqueous solution alone

As shown in Table 2, all the four aqueous solutions alone had
ignificant effect on the decomposition of HCB. This result is
ery meaningful because it provides a new alternative approach

o clean contaminated soil by MW radiation without addition of
ny MW absorbers. So, additional experiments were conducted
o investigate the effect with the addition of aqueous solution
lone. The results are given in Fig. 3.

o
o

b

Fig. 4. GC spectrum changes. (a) original soil, (b) radiated with M
aterials B137 (2006) 878–885 883

It can be seen from Fig. 3 that aqueous solutions alone could
reatly decompose HCB with 10 min MW. This result has never
een reported in literature. By the addition of 0.05 mL aque-
us solutions, the sequence of HCB decomposition was: NaOH
83.2%) > H2SO4 (47.5%) > H2O (39.8%) > Na2SO4 (31.9%).
CB is unstable in basic condition at high temperature, so a

arger decomposition of HCB in NaOH media was observed.
ith the increase of the dosage of the aqueous solution, the

ifference of decomposition became negligible. Water con-
ained in the damp soils increased sharply with the increase
f dosage, which might be responsible for the negligible dif-
erence. In addition, no new intermediates were detected by
C/MS analysis. The mechanism has been discussed in Section
.2.

With the rapid development of microwave technology,
icrowave power can achieve as high as hundreds of kilowatt,

nd the waveguide used to introduce microwave can be designed
exibly. Therefore, it is inspiring to provide the target plenty of
eat in quite a short time. The application of microwave tech-
ology for soil remediation becomes more and more practical.
evertheless, destroying the soils treated to some extend, MW

echnology can only be considered to be suitable for the reme-
iation of soils where no plants will grow or which will be used
s building materials.

.5. Remediation of practical HCB contaminated soil

Three different processes were carried out in the remediation

f practical HCB contaminated soil. Fig. 4 shows the changes
f GC spectrums in these processes.

In the GC spectrums, the peak at 4.020 min was HCB. Com-
ined with GC/MS analysis, the peak at 2.957 min was identified

W, (c) radiated with MW + H2O, (d) radiated MW + NaOH.



884 S. Yuan et al. / Journal of Hazardous M

Table 5
Removals of the main substances in three processes

Substances Removal (%)

MW MW + H2O MW + NaOH

HCB 60.2 71.3 98.4
S6 88.8 36.7 99.2
C6Cl5SH 91.2 44.5 98.6
S8 92.1 46.9 98.1

Where microwave time was 10 min, dosage of H2O and NaOH (10N) was
1
c
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.50 mL, practical soil was 5.000 g. Initial concentration of HCB in the practi-
al soil was determined as 55.8 mg/kg. Removals of the other substances were
alculated by the variance of the corresponding peak area.

s cyclic hexaatomic sulfur (S6), 4.313 min was pentachloroth-
oarisole (C6Cl5SH) and 6.275 min was cyclic octaatomic sulfur
S8). All these substances are the contents of the effluent from
he chemical plant.

Table 5 displays the removals of the main substances in the
hree processes. The presence of S6 and S8 was the reason that
esulted in the decomposition of all the substances in dry. The
ddition of H2O restricted the decomposition of all the sub-
tances except HCB. NaOH greatly enhanced the decomposition
f all the substances. This result may be probably because of the
omplicated composition of the practical soil, which possesses
reat amount of organic content, many mineral materials and
ons. The removal of HCB with NaOH in MW was 98.4% and
he residue HCB was detected as 0.91 mg/kg. So, it could be con-
idered as an alternative approach to remediate the practical soil.
uch work still needs to be done to investigate the engineering

f the method.

. Conclusions

A fundamental research was carried out to explore the
icrowave remediation of HCB contaminated soil. Conclusions

re drawn as follows.

1) The mechanism of the decomposition of HCB using MnO2
as MW absorber is very complex because many chemical
reactions were involved under MW radiation. The viabil-
ity was primarily denied by the harsh conditions required
(≥50% H2SO4). However, this study provided insight infor-
mation on the behavior of MnO2 in MW radiation and
offered guidance for the selection of MW absorbers. In con-
trast, powdered Fe restricted the decomposition of HCB in
the first stage in basic media and had slight enhancement on
the decomposition in acidic and neutral media. The mech-
anism of the decomposition of HCB with Fe was proposed
to be similar to that with MnO2.

2) The aqueous solution alone shows an excellent effect on
the decomposition of HCB with 10 min MW radiation. The
decomposition increased with the increase of the aqueous

dosage. The result provided an alternative approach for the
remediation of contaminated soil with MW.

3) HCB was probably thermally decomposed to fragments,
which were further tightly bound to the soil or form uni-

[

[

aterials B137 (2006) 878–885

molecular layers and retained indefinitely. It was also pos-
sible that some chemical binding occurred between the
oxygenated and chlorinated molecules and Al3+ octahedral
at the clay edges.

4) Microwave radiation can be considered as an alternative
approach for the remediation of practical HCB contami-
nated soil. HCB and other pollutants in the practical soil
could be decomposed greatly in the basic media particu-
larly. The removal of HCB with NaOH in MW was 98.4%
and the residue HCB was detected as 0.91 mg/kg.
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